Background and Objectives Treosulfan is a prodrug applied in the treatment of ovarian cancer and conditioning prior to stem cell transplantation. So far, the bioanalysis of treosulfan in either whole blood or red blood cells (RBC) has not been carried out. In this work, the RBC/plasma partition coefficient (K e/p ) of treosulfan and its active monoepoxide was determined for the first time. Methods Male and female 10-week-old Wistar rats (n = 6/ 6) received an intraperitoneal injection of treosulfan at the dose of 500 mg/kg body weight. The concentrations of treosulfan and its monoepoxide in plasma (C p ) and RBC were analyzed with a validated HPLC-MS/MS method. Results The mean K e/p of treosulfan and its monoepoxide were 0.74 and 0.60, respectively, corresponding to the blood/plasma partition coefficient of 0.88 and 0.82. The Spearman test demonstrated that the K e/p of the prodrug correlated with its C p , but no correlation between the K e/p and C p of the active monoepoxide was observed. Conclusions Treosulfan and its monoepoxide achieve higher concentrations in plasma than in RBC; therefore, the choice of plasma for bioanalysis is rational as compared to whole blood. The distribution of treosulfan into RBC may be a saturable process at therapeutic concentrations.
Introduction
Treosulfan is registered in several European countries for the treatment of advanced ovarian carcinoma in intravenous or oral regimens. The former relies on single dosing of 3-8 g/m 2 of the drug every 3-4 weeks [1] [2] [3] . Higher intravenous doses, that are 10-14 g/m 2 given for 3 consecutive days, have been applied successfully in clinical trial setting to conditioning prior to hematopoietic stem cell transplantation (HSCT) in adult and pediatric populations [4] [5] [6] [7] . Currently, phase I-III clinical trials that investigate high-dose treosulfan as an agent prior to HSCT are still ongoing in Europe, the United States, Israel, Australia, and Argentina [8] . Of note, treosulfan is a prodrug which at pH above 5 converts sequentially to the two biologically active epoxy-derivates, the intermediate monoepoxide, (2S,3S)-1,2-epoxy-3,4-butanediol 4-methanesulfonate (S,S-EBDM), and, finally, (2S,3S)-1,2:3,4-diepoxybutane [9] [10] [11] . Following administration of treosulfan to humans or animals, the unchanged prodrug and S,S-EBDM have been successfully assayed in plasma, aqueous humor of the eye, and some tissues [12] [13] [14] [15] [16] [17] [18] [19] [20] . However, neither in preclinical nor clinical studies, whole blood and red blood cells (RBC) have been analyzed for these two compounds so far. The clearance and volume of distribution of treosulfan and S,S-EBDM that are available in the literature reference only to plasma concentrations [12] [13] [14] [15] [16] [17] . Meanwhile, RBC might contain much lower levels of drugs than plasma (e.g., propranolol) or, oppositely, serve as a rich drug reservoir (e.g., cyclophilin A and dorzolamide) [21, 22] . Therefore, in-depth understanding of drug distribution and the physiologically meaningful interpretation of pharmacokinetic parameters warrant investigating of the penetration of drugs into RBC [21, [23] [24] [25] . Moreover, the knowledge of RBC partitioning of compounds enables the rational choice of appropriate biological fluid, either plasma or whole blood, that provides the highest possible sensitivity of bioanalysis with a given lower limit of quantitation (LLOQ) [21] . In this paper, the RBC/plasma partition coefficient (K e/p ) of treosulfan and S,S-EBDM has been determined in rats. The obtained results provide a new insight into the disposition of treosulfan in the body and enable recalculating of the treosulfan clearance derived from concentrations measured in plasma (Cl p ) to that referencing to whole blood (Cl b ).
Materials and Methods

Chemicals and Reagents
A certified reference material of treosulfan for preparation of an injection solution and for analytical purposes was supplied by medac GmbH (Wedel, Germany). Xylazine (Sedazin) was bought from Biowet Puławy (Puławy, Poland) and ketamine (Bioketan) was from Vetoquinol Biowet (Gorzów Wlkp., Poland). Analytical grade citric acid was purchased from Avantor (Gliwice, Poland).
Animals
The studies were carried out in 6 male and 6 female Wistar rats under the approval of the Local Ethics Committee for Experimental on Animals in Poznan, Poland. The number of the animals included in the study (n = 12) was justified by the realization of the principle of the 3Rs (replacement, reduction, and refinement). It was as small as possible but sufficient to evaluate the statistical significance of the correlation between the K e/p and the drug concentration in plasma (C p ), which required n [ 10 according to the rule of thumb. All the animal procedures were conducted in accordance with the European Community guidelines and every possible effort was made to minimise animal suffering. During 7-day adaptation period, the animals were kept in standard cages under a controlled temperature of 22 ± 1°C, humidity of 55 ± 15%, and lighting (12 h light/dark cycle). Drinking water and standard commercial feed were offered to the rats ad libitum. On the day of treosulfan administration, the animals were 10 weeks old. The body weights of the male and female specimens were 310 ± 10 and 201 ± 14 g (mean ± SD), respectively.
Administration of Treosulfan to Rats and Collection of Plasma and RBC
Treosulfan solution was prepared by dissolving 1000 mg of the drug powder in 20 mL sterile water for injection, according to the manufacturer's instruction. The freshly prepared solution was administered to the rats as a single intraperitoneal bolus injection at a volume of 10 mL/kg body weight, equivalent to the treosulfan dose of 500 mg/ kg body weight. 10 min before blood collection, the animals underwent general anaesthesia with an intraperitoneal bolus injection of ketamine and xylazine at the dose of 50 and 10 mg/kg body weight, respectively. At 1 and 4 h after the treosulfan injection, 4.9 mL of blood was withdrawn from the animals via a heart puncture using S-Monovette 4.9 mL K 2 EDTA aspiration systems, followed by guillotine euthanasia. Immediately after collection, the blood samples were centrifuged at 36459g for 5 min at 20°C. The obtained plasma was always light yellow, which indicated a lack of the RBC lysis. Both the plasma and RBC were transferred into separate vials and acidified with the aqueous solution of 1 M citric acid (50 lL per 1 mL of the sample) at the same time. Thereafter, all the samples were frozen (-32°C) and thawed three times on 3 consecutive days to lyse the RBC, and subjected to HPLC analysis.
HPLC-MS/MS Analysis
The C p of treosulfan and S,S-EBDM were determined with the HPLC-MS/MS method described elsewhere [26] . Briefly, following spiking with the 0.5 mM aqueous solution of codeine (internal standard), the plasma was filtered through Amicon vials (cut-off 30 kDa) to deplete proteins and the obtained filtrate was appropriately diluted with 0.25 mM citric acid solution. The resolution of the analytes and the internal standard was accomplished on Zorbax Eclipse Plus C18 column using a mobile phase composed of a pH 4.0 formate buffer and acetonitrile (95:5, v/v). To designate the analytes concentrations in the RBC lysates (C e ), 78.8 lL of the sample was spiked with 75 lL of water and 15 lL of the internal standard solution, and vortexed and centrifuged at 15,0009g for 10 min at 20°C. The resulting supernatant was further processed as plasma. The calibration standards and the quality control samples were prepared in the same manner as the studied samples, except that drug-free RBC lysate (obtained from drug-free RBC after three freeze-thaw cycles) and plasma were spiked with the standard solutions of the analytes instead of water.
Calculation of the K e/p and Blood/Plasma Partition Coefficient
Treosulfan and S,S-EBDM very weakly bind to rat plasma (unbound fraction C 0.94) and only free drug molecules in plasma partition into RBC [19, 21] . Therefore, the K e/p of treosulfan and S,S-EBDM was calculated as the ratio of the total concentrations of the analyte determined in the RBC lysate and plasma (C e /C p ) [21] . Moreover, using the mean K e/p values and the average physiological hematocrit (Hct) of human and rat blood (0.45), the blood/plasma partition coefficient (K b/p ) of the compounds was estimated from the formula: K b/p = K e/p 9 Hct ? 1 -Hct [21, 25] .
Statistical Analysis
The statistical analysis of the C p and K e/p was performed in Statistica 12 (StatSoft Inc.). The normal distribution of the data was assessed with the Shapiro-Wilk test. As the C p values were not normally distributed, the Spearman rank correlation coefficient was used to evaluate the degree of association between the K e/p and C p . Moreover, the t distribution was employed to statistically evaluate the significance of the calculated Spearman rank correlation coefficient. The null hypothesis stated that there was no correlation between the K e/p and C p , and the alternative hypothesis stated that either a positive or negative correlation existed. The null hypothesis was rejected in favour of the alternative one if the calculated t statistic was greater than the critical value of the t distribution for a two-tailed outcome at the level of significance (a) 0.05 and the number of degrees of freedom n -2, which was 10.
Results
The linearity of the calibration curves, accuracy, and precision for determination of treosulfan and S,S-EBDM in rat plasma and RBC, and the freeze-thaw stability of the analytes are presented in Table 1 . The K e/p values of the compounds obtained in all the 12 rats included in the study ( Table 2 , Fig. 1 ) had a normal distribution. The mean and standard deviation computed for the K e/p of TREO and S,S-EBDM were 0.74 ± 0.12 and 0.60 ± 0.09, respectively. Accordingly, the average K b/p of the prodrug and its active monoepoxide were estimated to be 0.88 and 0.82. This clearly showed that both the compounds achieve 10-20%
higher concentrations in plasma than in whole blood. The Spearman rank correlation coefficient demonstrated a very strong negative association between the K e/p and C p of treosulfan (R = -0.89), which was statistically significant (p = 0.0001). In contrast, the association between the K e/p and C p of S,S-EBDM was weak (R = -0.34) and the Spearman correlation coefficient was not statistically significant (p = 0.2756).
Discussion
So far, the levels of prodrug treosulfan and S,S-EBDM have not been investigated in whole blood and RBC, neither in humans nor animals, and therefore, the present paper was aimed at determining the K e/p of these compounds [12] [13] [14] [15] [16] [17] [18] [19] [20] . The study was based on the determination of the analyte concentrations in plasma and RBC collected from rats treated with treosulfan at the dose of 500 mg/kg, which is equivalent to 14 g/m 2 in adult patients. The levels of the parent drug and S,S-EBDM in the rats' plasma ( Table 2 and Fig. 1 ) fell into the concentration ranges observed previously in adult and pediatric patients receiving treosulfan prior to HSCT [13] [14] [15] [16] . The ex vivo measurement of the K e/p was favoured over an in vitro approach due to the treosulfan stability reasons. The in vitro experiment requires lowering of blood pH below 5 to halt the rapid nonenzymatic epoxidation of treosulfan to S,S-EBDM (t 1/2 1.5 h) as well as the analogous conversion of S,S-EBDM to (2S,3S)-1,2:3,4-diepoxybutane (t 1/2 3.4 h) until the RBC/plasma partitioning equilibrium is reached [10] . However, the application of such a methodology was not possible, because it would lead to artificial results due to the fact that RBC lyse at low pH [27] . Only the in vivo approach allowed to catch a real equilibrium of the compounds' partitioning at physiological conditions. Based on the above considerations, we could not use the in vitro experiment. An animal study was preferred against a clinical one, because treosulfan, as an orphan drug in conditioning prior to HSCT, is presently applied only in special groups of patients who are not eligible to a standard therapy. Moreover, the usage of laboratory animals enabled to obtain a sufficient number of samples for valid statistical analysis from a homogenous group of subjects. The stability test, performed within validation of the HPLC-MS/MS method (Table 1) , demonstrated that the final concentration of treosulfan and S,S-EBDM in the plasma and RBC lysate quality control samples after three freeze-thaw cycles ranged from 85.8 to 108.8% of the initial concentration. The obtained results did not exceed the acceptable threshold for bioanalytical method accuracy (± 15%), which confirmed the usefulness of the freezing and thawing method for the RBC lysis.
Despite treosulfan and S,S-EBDM are nonelectrolytes and very weakly bind to plasma proteins, the compounds partitioned more to plasma than RBC [19, 28] . Of note, the mean K e/p of treosulfan ( Fig. 1) was very close to 0.71. This indicates that the prodrug distributes into the whole intracellular fluid of RBC (which is 0.71 of total RBC volume) but does not bind to erythrocytic binding sites, such as the cell membrane, haemoglobin, or the other cytosol proteins [21] . The result is consistent with the fact that treosulfan easily distributes into the rat liver, lungs, muscles, and bone marrow in vivo, reaching in these tissues the concentrations similar to those in plasma [20] . Lower K e/p obtained for S,S-EBDM (0.60 ± 0.09) could be surprising taking into account that the epoxide is more lipophilic than treosulfan (log of n-octanol/water partition coefficient -1.18 vs -1.58) and has lower molecular weight (182 vs 278 Da) and , therefore, is expected to possess higher capability of diffusing across the RBC The calibration curves were established using the calibration standards at 7-8 concentration levels. For the analysis of treosulfan, two calibration curves were prepared that covered low and high concentrations. The LLOQ was the lowest concentration of the calibration standard b
The ranges shown in the table include the mean results obtained for the quality control samples containing treosulfan at 1.1, 22, 55, 110, 1104, and 2209 lM, and S,S-EBDM at 1.9, 37, and 94 lM. The values in the parentheses show the results obtained for the LLOQ level c
The stability values were calculated as a ratio of the final to the initial concentration of the analyte in the samples used in the freeze-thaw stability test. The ranges shown in the table include the mean results obtained for the quality control samples containing treosulfan at 5.5, 55, and 800 lM, and S,S-EBDM at 9.4 and 94 lM C e drug concentration in red blood cells, C p drug concentration in plasma, F female, K e/p red blood cells/plasma partition coefficient, M male membrane [21, 28] . Nevertheless, RBC cytosol contains GSH, glutathione S-transferase, and epoxide hydrolase, which are responsible for the enzymatic utilization of epoxides, for example 1,2:3,4-diepoxybutane [29] [30] [31] [32] [33] . Therefore, a hypothesis can be given that the low K e/p of S,S-EBDM compared to treosulfan results from the metabolism of the epoxide in RBC. Previously, the analogous relations have been found for the distribution of treosulfan and S,S-EBDM into rat lungs as the tissue-to-plasma concentration ratio was about 0.8 and 0.6, respectively [20] . It is worth noting that the estimated K b/p of treosulfan and S,S-EBDM (0.88 and 0.82) demonstrated that the compounds' concentrations in plasma are higher than in whole blood. Therefore, determination of treosulfan and S,S-EBDM in the former matrix turns out to be beneficial not only in terms of the convenience of an analytical assay but also somewhat higher sensitivity.
The other importance of K e/p and K b/p of drugs lies in their application to calculating physiologically based clearances, volumes of distribution, and organ extraction ratios. It is worth noting that the literature clearance values of treosulfan, which derive from plasma concentrations (Cl p ), may be only interpreted as the apparent plasma volume cleared of the drug per unit time. In contrast, Cl b means the actual volume of blood cleared from the drug per unit time [25] . Based on the results obtained in the present work, it can be estimated that the Cl b of treosulfan and S,S-EBDM equal 0.88 Cl p and 0.82 Cl p , respectively [21, 25] .
The partitioning of drugs into RBC proceeds mainly by a passive diffusion across the cell membrane, however, sometimes involves also the transport through channels and carriers. Then, the process may become concentration-dependent and saturable [21, 34] . In this work, no association between the K e/p and C p of S,S-EBDM was found, but the K e/p of treosulfan did correlate negatively with the analyte's C p (Spearman R = -0.89, p = 0.0001). The obtained results indicate that the distribution of the prodrug into RBC undergoes saturation at higher plasma concentrations, including those observed in HSCT patients [13] [14] [15] [16] [17] . As treosulfan and S,S-EBDM are unionized at physiological pH and have relatively low molecular size and high hydrophilicity, one may hypothesize that they could permeate the RBC membrane not only by a passive diffusion but also through aquaglyceroporins. These channels are present both in human and rat RBC and demonstrate capability of permeating water, glycerol, and sometimes other noncharged molecules, e.g., urea, mannitol, and sorbitol [21, [35] [36] [37] . The saturation of the treosulfan passage via aquaglyceroporins would well explain why the negative correlation between the K e/p and C p was observed exclusively for the prodrug, of which plasma levels are approximately 100-fold higher that those of S,S-EBDM. Nevertheless, elucidation of the real mechanisms that account for the results reported here warrants further investigations.
Conclusions
The present study showed for the first time that treosulfan and S,S-EBDM achieve higher concentrations in plasma than in RBC. Therefore, the bioanalysis of these compounds in plasma is rational compared to whole blood. The determined K e/p values indicate that the Cl b of the compounds is 10-20% lower than their Cl p .
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